We derive the roundtrip Jones matrix for double passage through a reciprocal optical medium by means of reflection off an anisotropic mirror in different conventions and clarify the relation between them. We then show that if a medium with only linear birefringence and linear dichroism is placed between a pair of orthogonal quarterwave plates with principal axes at 45
When a plane polarized monochromatic light wave changes its direction of propagation in space either by means of a reflection or by means of refraction, the description of the polarization state in the new direction involves choice of a new set of basis states alongwith a new set of phases for these basis states. The conventional thing to do is to take a set of linearly polarized states in and perpendicular to the plane of reflection (p and s states) for the original direction of propagation and rotate the two linear vibrations about an axis perpendicular to the plane of incidence to obtain a natural choice for both the basis states and their phases for the new direction of propagation. We shall call this the "travelling frame convention". This is the convention used to write the Fresnel's relations for reflection and refraction at an interface for arbitrary angles of incidence [1] and in ellipsometry. A different convention is however often used in problems where light is incident normally on a reflecting surface and retraces its path so that the vibration ellipses in the forward and backward propagating waves can be compared. In this convention, the choice of phases for the backward propagating waves is such that a relative phase difference of π is introduced between the p and the s wave basis states as compared to the travelling frame convention. We shall call this the "fixed frame convention". In this convention, a given vibration ellipse in space is described by the same Jones vector whether the beam is propagating forward or backward [2] . Consequently a vector describing a right circularly polarized wave in the forward direction describes a left circularly polarized wave in the reverse direction assuming conventional meanings for the two terms. In this paper we shall ignore all constant isotropic phase factors equal to i and −1.
For a given reflected wave the Jones vectors | f > and | f ′ > in the travelling and fixed frames are related by
If M is the transmission Jones matrix of a medium for forward propagation the matrix for reverse propagation is M T in the fixed frame convention [2] andM in the travelling frame convention [3, 4] where M T is the ordinary transpose of M and
The matrices M T andM are related by,
We now use the method proposed in [5] and Eqn. 2 to derive the round trip Jones matrix for double passage through a reciprocal optical medium M by means of reflection off an optically anisotropic mirror (Fig.1a) in different conventions and clarify the relation between them. Let Z be the Jones matrix for reflection from the mirror expressed in the standard travelling frame convention i.e. the matrix as determined by standard ellipsometric techniques. For a beam incident normally on an optically isotropic surface, Z = σ 3 = H 0 . This corresponds to a halfwave plate with principal axes in and perpendicular to the plane of incidence. Choose the (x,ẑ) plane as the plane of incidence [6] . Let | i > represent the Jones vector for the inicident polarization state, | f > that for the final in the travelling frame convention and | f ′ > that for the final state in the fixed frame convention. If M
and M ′(rt) stand for the roundtrip Jones matrices in the two conventions respectively, we have
From the earlier discussion therefore
The equivalent optical circuit for this evolution, following [5] is shown in Fig.(1b) where for reverse passage the medium is replaced byM [4] . The first part of the evolution is therefore given by
This is followed by a second part i.e. a π-rotation of the beam aboutŷ [5] .
In the fixed frame convention, from Eqn. (5), the evolution is given by
This is shown in Fig.(1c) . Using Eqn.(3) to replaceM with M T and then using Eqn.(5), we get, upto an overall phase, 
This is shown in Fig.(1d) . For reflection off an isotropic mirror mirror, Z = H 0 so that Eqns. (6), (7)and (8) are replaced by
The sequences shown in Figs (1c) and (1d) both yield the same Jones vector | f ′ > in the fixed frame and are equivalent. In the description represented by Fig.(1d) however an anisotropic reflector needs to be represented by the sequence ZH 0 corresponding to the matrix H 0 Z. We therefore prefer the description shown in Figs. (1b) and (1c) where one follows the travelling frame convention right till the end of the calculation and finally, if desired, the state vector is transformed to the fixed frame by multiplication with H 0 as in Fig.(1c) . The advantage of the latter approach is that one uses the same convention for normal incidence as for oblique incidence and there is no discontinuity of conventions at normal incidence.
Next we show that if a reciprocal optical medium which has only linear birefringence or linear dichroism or both, with the same principal axes, is placed between a pair of orthogonal quarterwave plates whose principal axes are at 45
• to that of the medium and the sandwich is placed in front of an isotropic mirror as shown in Fig.(2a) , it behaves, under double passage, like an isotropic medium placed in front of a mirror.
The following matrix identities will be useful in proving the result. where L φ (δ) stands for a linear retarder with retardation δ and principal axis at φ, D φ (γ) stands for a linearly dichroic element with relative attenuation coefficient γ and principal axis at φ and R(φ) stands for an optical rotator with rotation φ, all three being elements of the group SL(2,C).
If the principal axes of the medium are aligned to be alongx andŷ, the Jones matrix M of the medium for single passage is given by,
where a and p are the isotropic absorption and phase factors for single passage through the medium. The equivalent optical circuit for double passage through the sandwich is shown in Fig.(2b) as a sequence of polarization transforming elements, followed by a rotation of the beam aboutŷ through 180
• . The isotropic factors a and p have not been shown in the Fig.(2) for convenience. The round trip Jones matrix M (rt) for the polarization evolution is given by,
where use of one or more of the identities (10) -(16) has been made in each step of simplification. Fig.(2c) shows the final result. M ′(rt) is given by,
This is shown in Fig.(2d) . Eqns. (18) and (19) together with Figs. (2c) and (2d) demonstrate the equivalence of the device with an isotropic medium placed in front of an isotropic mirror (compare with Fig.1 with M = 1, Z = H 0 ). Note we have been able to achieve cancellation of simple anisotropy due to linear birefringence and dichroism without the use of a Faraday rotator. Using a similar analysis it can be shown that if a medium has only reciprocal optical activity and circular dichroism these can be cancelled in double passage just by reflection off an isotropic mirror. A Faraday mirror [7, 8, 4] is therefore needed only when linear and chiral effects are both present in the medium.
A transparent linearly birefringent substance can be characterized by γ = 0 (or a = 1) and two refractive indices n e and n o representing the velocities of propagation for electric vectors along the two principal axes which can be aligned to be alongx andŷ . The isotropic phase factor p is given by,
where d is the thickness of the sample and λ is the wavelength of light. The birefringence δ is given by
If we have any material in which the quantity φ iso given by Eqn.(20) can be varied using an electric field, a sandwich of such a material placed between two orthogonal quarterwave plates placed in front of a mirror as described above acts as an isotropic medium with refractive index adjustable with an electric field. An example of such a material is a suitably prepared nematic liquid crystal cell in which n e =< n e (z) > varies with an applied electric field and n o remains constant. Such a device therefore acts as a 'phase only' modulator for any polarization state. In [10] , Love describes the use of such a nematic liquid crystal and a 45
• quarterwave plate placed in front of a mirror for phase modulating unpolarized light. This device is similar to the one shown in Fig.(2a) with γ = 0 and with the first quarterwave plate Q −45 missing. An analysis similar to the one above shows that Love's device behaves as an isotropic medium and a quarterwave plate placed in front of a mirror. Such analyses thus bring out the full generality and potential of such devices. The two quarterwave plates in our proposed device could form part of the liquid crystal cell itself. In this paper we have ignored constant isotropic phase factors equal to i and −1. This is justified in problems where one is interested only in phase changes. However the applications described in this paper and in [4] demonstrate that in the analysis of problems with birefringence and dichroism throwing away the isotropic factors altogether may at times be like "throwing away the baby with the bath". The devices in fact work because the isotropic phase factor φ iso can be controlled using an electric field.
